Abstract. Diffuse neutron scattering from powder KBr was measured at room temperature. The oscillatory diffuse scattering is clearly observed. The diffuse scattering theory including correlation effects among thermal displacements of atoms is applied to background function in the Rietveld analysis. The observed scattering data are analyzed by including the correlation effects among thermal displacements of first, second and third nearest neighboring atoms. The interatomic distance and temperature dependence of the values of correlation effects is discussed.
Introduction
It is well known that diffuse scattering is an important tool for analyzing static and thermal disordered arrangement of atoms in crystals. Anomalously strong and oscillatory diffuse scattering from disordered structure of AgI has been reported by X-ray and neutron scattering experiments [1, 2] . The oscillatory diffuse scattering profiles are also observed by neutron scattering experiment even from ordered structure such as AgBr and copper halides [3, 4] . The oscillatory profile of diffuse scattering from ordered structure has been explained by including the correlation effects among thermal displacements of atoms up to third nearest neighboring atoms in the crystals. The correlation effects among thermal displacements of atoms are also important in the EXAFS analysis [5, 6] . It has been reported that specific features of the vibrational motion of the pairs of atoms in crystals depends on lattice type and chemical bonding [7] .
In this paper we discuss about structure and diffuse scattering of KBr, with a rocksalt-type structure, by neutron scattering experiments. The diffuse scattering theory with correlation effects among thermal displacements of atoms is applied as background function in the Rietveld analysis of KBr.
Experimental
Neutron scattering experiments have been performed on powder KBr at 300 K using HRPD (High Resolution Powder Diffractometer) installed at JRR-3 in Japan Atomic Energy Agency. 
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Results and Discussion
The diffuse neutron scattering intensity of KBr at 300 K is shown in Figure 1 . Several strong Bragg peaks of KBr and diffuse background intensity are observed. The maximum intensity of Bragg line of KBr is about 7000 counts at diffraction angle 2θ ∼ 45. Intensity (arb. unit) 2θ (deg.)
Figure 1
Observed diffuse neutron scattering intensity of KBr at room temperature.
The hkl index of Bragg lines and the related d spacing are presented in Table 1 . The structure parameters including lattice constants a and Debye-Waller displacement parameters B for KBr at 300 K which are obtained from refinement analysis of Bragg lines are presented in Table 2 . The mathematical expression to explain the profile of diffuse background scattering intensity is written as follows:
where N o is number of unit cell in a unit volume. n i , b i and are number of atoms in unit cell, neutron scattering length and incoherent scattering cross section of atom i, respectively. Z inc i σ r is the number of sites belonging to the s′th jtype neighbor around an sth i-type site. Two sites s(i) and s′(j) are apart by distance r. The Debye-Waller factor for atom i, exp(−M i ), is equal to exp(−BB i (sinθ/λ) ). The constant C is added for the corrections of background noise. The correlation effect among atomic thermal displacements μ 2 r is defined as:
where is the displacement from the mean position caused by thermal vibration. The values of correlation effects among thermal displacements of atoms i and j are 0 in the case of no correlation and 2(B Eq. (1) is used as background function in the Rietveld analysis of powder KBr at 300 K. The inter-atomic distances between neighboring atoms in the crystal of KBr are calculated from the refined lattice constants as shown in Table 3 . The numbers of neighboring atoms, Z, for first, second and third neighboring atoms in the structure of KBr are 6, 12 and 8, respectively as presented in Table  3 .
In the original Rietveld analysis, the Legendre polynomial is used as the background function of diffracted intensity. The profile of the observed background scattering is approximate by series of mathematical function. The background intensity at step i is calculated as [8] Table 3 . It is seen that the values of correlation effects among thermal displacements of atoms decrease rapidly with increase of inter-atomic distance. The correlation among atomic thermal displacements of far-neighbor atoms usually can be neglected. The profile of the background scattering intensity is mainly determined by the values of correlation effects. In Fig. 2 (1) is equal to zero and the diffuse scattering intensity is expressed by first term of Eq. (1) as shown in Fig. 3 by thick solid line. The increase of diffuse background scattering at large scattering angle can be explained by this case, however the oscillatory profile disappears. The oscillatory part of Eq. (1) consists of three parts: first neighbor (K-Br and Br-K), second neighbor (K-K and Br-Br) and third neighbor (K-Br and Br-K) contribution. The calculated diffuse scattering intensities from these contributions are shown in Fig. 3 . It is obtained that the diffuse scattering peaks around 2θ ~ 80 and 120 o are contributed mainly from first and second nearest neighbor atoms. However, the diffuse scattering peak around 2θ ~ 30 o might come from the contribution of second and third nearest neighbor atoms. The observed oscillatory diffuse neutron scatterings of KBr are explained by including the correlation effects among atomic thermal displacements up to third nearest neighbor atoms. The values of correlation effects among thermal displacement of atom are very sensitive to inter-atomic distances. Figure 4 shows the values of correlation effects of some cubic crystals obtained by neutron diffraction measurements. The horizontal axis is inter-atomic distance relative to the lattice constants of the crystals. The values of correlation effects for first nearest, second nearest and third nearest neighboring atoms are 0.6 − 0.8, 0.3 − 0.5 and 0.1 − 0.2, respectively. The correlation among thermal displacements of atoms for r/a > 1.0 relatively are very small and might be neglected. The contribution of third nearest neighboring atom to the diffuse scattering profile usually appears at relatively low scattering angle since the oscillatory form is expressed by sin(Qr)/(Qr) in Eq. (1). Yoshiasa et al. [7] studied the MSD (mean square displacements) and DCF (displacements correlation function) of cubic A N B 8−N crystals by diffraction measurements. The values of DCF and MSD are important factors in the analysis of lattice dynamics of crystals by EXAFS (Extended X-ray Absorption Fine Structure) method [10] . The values are also can be used to predict effective potential and local force constant between atoms in crystals [11] . The ratio of DCF and MSD is similar to the correlation effects in our analysis. According to Yoshiasa et al. [7] , the value of the DCF/MSD ratio is related to the type of atomic bonding and the coordination number. The correlation effects for crystals with cation/ anion in octahedral coordination are relatively smaller than those in tetrahedral coordination. The values of DCF/MSD for octahedrally ionic bonding crystals are usually less than that for tetrahedrally covalent bonding crystals. Correlation effects among thermal displacements of atoms in some cubic crystals (AgBr [3] , copper halides [4] , ZnSe [9] and KBr [this work]). The horizontal axis is the inter-atomic distances relative to the lattice constants.
Conclusion
The diffuse neutron scattering profile of KBr at room temperature is explained by including the correlation among thermal displacements of atoms up to third neighbor atom in the crystal KBr. The values of correlation effects decrease with inter-atomic distance. The diffuse scattering theory including correlation effects is applied as background function in Rietveld analysis of diffracted intensity of powder KBr as well as other cubic crystal with ordered arrangement of atoms [4, 9] .
